AbstrAct
There is growing interest in the use of human whole saliva for diagnostics and disease monitoring as an alternative to blood samples. In contrast to blood, whole saliva is a non-sterile body fluid. Proper handling and storage are required to preserve the integrity of potential biomarkers. We investigated salivary autoproteolytic degradation using a variety of approaches. We determined inhibition of protease activities by monitoring the endogenous proteome. In addition, the stability of highly protease-susceptible proteins-histatin 5, statherin, and PRP1-was assessed. Experimental variables included (a) protease inhibitors, (b) salivary pH, (c) incubation temperatures, and (d) sample heating. A cocktail containing AEBSF, aprotinin, pancreatic trypsin inhibitor, leupeptin, antipain, and EDTA could not prevent histatin 5, statherin, or PRP1 degradation in whole saliva. Among the other treatments evaluated, short-term storage of freshly collected samples on ice was effective without interfering with the chemistry of the proteome. In conclusion, whole saliva contains a unique mixture of enzymes as evidenced from their resilience to protease inhibition. Analytical evidence on protein stability is needed to ensure the validity of salivary biomarker study outcomes. Analysis of the data presented will provide help and guidance for the use of saliva samples for diagnostic purposes.
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IntrODuctIOn
H uman whole saliva (WS) is a complex body fluid comprised of exocrine contributions derived from the major and minor salivary glands and a variety of non-exocrine components (Mandel, 1989) . The non-exocrine components are micro-organisms, desquamated oral epithelial cells, leukocytes, and a serum-like transudate that emanates from the gingival sulcus (Goodson, 2003) . The unique contribution of gingival fluid to WS provides saliva with markers that are derived from the circulation. This gingival contribution makes it feasible to exploit WS diagnostically to monitor disease biomarkers typically present in serum, albeit at different concentrations (Oppenheim, 2007; Loo et al., 2010) . It has been recognized that saliva is a readily available biofluid that meets the demands for non-invasive, stress-free, and inexpensive collection, offering distinctive advantages over blood collection (Mandel and Wotman, 1976) . Recent evidence for saliva's diagnostic capabilities include the identification of MMP-8 and -9 and osteoprotegrin as biomarkers for periodontal disease (Ramseier et al., 2009) , changes in salivary inflammatory cytokine profiles in asthma exacerbations (Blicharz et al., 2009) , salivary detection of HIV-1 (Liu et al., 2011) , the correlation between salivary transcriptome markers KRAS, BMD3L2, ACRV1, and DPM1 and pancreatic cancer (Zhang et al., 2010) , and salivary C-reactive protein, myoglobin, and myeloperoxidase biomarkers to detect acute myocardial infarction (Floriano et al., 2009) . The attractiveness of using WS for diagnostic purposes, however, has frequently superseded the need to preserve the stability of this body fluid during and/or after collection. The treatment of WS samples is not a straightforward matter. The major challenges with preserving WS relate to the complexity of its composition and its inherently high proteolytic activity (Helmerhorst and Oppenheim, 2007) . Consequently, WS collection and storage require special precautions to preserve its constituents, particularly any potential disease biomarkers (Crouch, 2005) . Specialized protocols have been proposed for proper saliva collection (Henson and Wong, 2010) . The purpose of the present investigation was to provide experimental evidence regarding the best method to maintain the integrity of proteins during saliva collection and handling. We analyzed the total proteome of WS electrophoretically and chromatographically. In addition, we used histatin 5, statherin, and proline-rich protein 1 (PRP1) as test proteins for monitoring salivary proteolysis, since these are natural salivary proteins that are quickly degraded by endogenous Whole-saliva Proteolysis and Its Impact on salivary Diagnostics proteases in WS (Castagnola et al., 2004; Campese et al., 2009; Helmerhorst et al., 2010) . The ultimate goal is to provide a protocol for optimal conditions during and after saliva collection and to improve the validity of WS biomarker studies.
MAtErIAls & MEtHODs saliva collection
Stimulated WS was obtained from five individuals in accordance with protocols approved by the Institutional Review Board at Boston University. All donors presented in good health with no signs of periodontal disease or caries. WS flow was stimulated by mastication for 10 min with ~1 g of paraffin wax (Parafilm, American National Can TM , Chicago, IL, USA), yielding 10-to 12-mL sample volumes. All samples were collected in tubes placed on crushed ice (McDonald et al., 2011) . The WS samples from the five donors were pooled. For some experiments, aliquots of pooled WS were cleared of particulate matter, such as bacteria and mammalian-derived cells, by centrifugation at 14,000 x g for 20 min at 4 o C. The supernatant is referred to as WSS.
Hydrolysis of synthetic Enzyme substrates and the Effects of Inhibitors
Two histatin-related enzyme substrates, benzyloxycarbonyl-Phe-His-Glu-Lys-7-amino-4-methylcoumarin (Z-FHEK-AMC) and benzyloxycarbonyl-Arg-Gly-Tyr-Arg-7-amino-4-methylcoumarin (Z-RGYR-AMC), were obtained from the American Peptide Company (Sunnyvale, CA, USA). Pooled WSS was pre-incubated for 15 min with or without 19 individual protease inhibitors (Table) . Z-FHEK-AMC and Z-RGYR-AMC were subsequently added to final concentrations of 60 µM and 30 µM, respectively. Substrate hydrolysis was measured fluorimetrically at λ ex and λ em of 340 nm and 465 nm, respectively, with a Genios microtiter plate reader. Measurements were conducted every 3 min during the initial incubation period (0-15 min).
Effect of an Inhibitor cocktail on Protein Degradation in Wss and Ws
The inhibitors AEBSF, aprotinin, pancreatic trypsin inhibitor, leupeptin, antipain, and EDTA were added to WS and WSS at final concentrations of 1 mM, 8 µM, 2 µM, 0.5 mM, 0.8 mM, and 1 mM, respectively. Salivary protein substrates used were synthetic histatin 5 (American Peptide Company, Sunnyvale, CA, USA), statherin, or PRP1, which were both isolated from parotid secretion as described previously (Oppenheim et al., 1982; Flora et al., 2001) . All proteins were > 90% pure as determined by gel electrophoresis and chromatography (data not shown). The final concentration of histatin 5, statherin, and PRP1 added to WS or WSS with or without inhibitor cocktail was 400 µg/mL. After 0, 1.5, and 8.0 hrs of incubation at 37°C, 100-µL aliquots were removed, heated for 5 min in a 100°C water bath, and analyzed by reversed-phase HPLC.
reversed-phase High-performance liquid chromatography (rP-HPlc) RP-HPLC was carried out as described previously (Helmerhorst et al., 2006) . The eluting histatin 5, statherin, and PRP1 were quantitated with Unipoint version 3.3 software (Gilson, Middleton, WI, USA). The percentage residual (intact) protein was calculated relative to the values obtained at t = 0 incubation.
Effects of pH, cooling, and Heating on Histatin 5 Degradation in Ws
To assess the effect of pH on protein stability, we adjusted WS samples to pH 3.0 or 4.0 with HCl, left them unadjusted (pH 7.2), or adjusted them with NaOH to pH 10.0. To assess the effect of temperature, we incubated the unadjusted WS sample either on ice (0°C), in the fridge (4°C), at room temperature (22°C), or in the incubator (37°C). To study the effect of heat, we placed an unadjusted WS sample in a 100 o C waterbath for 10 min. Histatin 5 was added to all WS aliquots to a final concentration of 200 µg/mL. Incubations were carried out at 37°C, except for experimental samples placed at 0, 4, and 22°C. Aliquots of 100 µL were removed and heated after various time intervals. EDTA was added to a final concentration of 2.5 mM to complex calcium ions, and samples were dried in a Speedvac (Eppendorf, Hauppauge, NY, USA). Histatin-spiked samples were re-suspended in 20 µL sample buffer and analyzed by cationic PAGE (Flora et al., 2001) or 12% precast BisTris-PAGE (Invitrogen, Carlsbad, CA, USA).
cationic Polyacrylamide Gel Electrophoresis (cationic PAGE) and Histatin Quantitation
Cationic PAGE and densitometric analysis of the histatin 5 band were performed as described previously (Baum et al., 1977; Flora et al., 2001) . The intensity of the histatin 5 band at t = 0 (immediately after addition to WS) was set to 100%.
rEsults

Effectiveness of Protease Inhibitors Added to Wss
The most apparent approach to achieving protease inhibition in WS is with a cocktail of protease inhibitors. We tested 19 inhibitors using Z-FHEK-AMC and Z-RGYR-AMC as substrates and pooled WSS as the enzyme source (Appendix Table) . The most effective inhibitors in this evaluation were AEBSF, aprotinin, pancreatic trypsin inhibitor, leupeptin, and antipain, all being serine protease inhibitors and displaying > 85% inhibition toward both substrates. A cocktail of these inhibitors supplemented with EDTA was tested for its efficacy to stabilize the proteome of WS and WSS over time (Figs. 1A-1D ). In the absence of inhibitors, the peak patterns of WSS and WS (Figs. 1A and 1B, respectively) changed dramatically over time. Such changes are consistent with protein fragmentation. In WSS and WS samples to which the inhibitor cocktail was added, however, the peak patterns remained significantly more stable (Figs. 1C and 1D, respectively) . This enhanced stability was especially true for the WSS sample. The efficacy of the inhibitor cocktail was further evaluated in WSS and WS spiked with histatin 5. The histatin peak eluted at 40 min and was clearly discernible above the WSS and WS protein background patterns ( Figs. 2E-2H ). The percentage of residual histatin 5 at t = 0, t = 1.5 hrs, and t = 8.0 hrs was calculated from the peak heights at the various incubation timepoints relative to the histatin 5 peak height at = 0 (Table) . The inhibitor cocktail added to WSS delayed but did not prevent histatin 5 degradation. Despite the apparent lack of inhibition in WS, the fragmentation patterns of histatin 5 in WS with and without inhibitors were not identical, indicating some inhibitory effect of the cocktail on the fragmentation process. Experiments were also carried out with statherin and PRP1 as enzyme substrates. As observed with histatin 5, both of these proteins were rapidly degraded in WSS or WS. The inhibitor cocktail reduced proteolysis rates somewhat, as evidenced from the overall higher residual amounts of histatin 5, PRP1, and statherin in WSS or WS. However, the cocktail did not prevent the degradation of any of the 3 added proteins (Table) .
Effect of Ws sample pH
Given the weak inhibition by the protease inhibitor cocktail, we investigated other means to achieve inhibition of proteases in WS. It is well known that enzyme activities are pH dependent. We first investigated the effect of pH on the stability of endogenous WS proteins (non-spiked samples) over a 24 h incubation time interval. In pH-unadjusted saliva samples, proteins degraded in less than 5 h ( Figure  2 ). Acidification of WS to pH 3.0 prevented protein degradation. The pH of the WS sample was critical since proteins were stable at pH 3.0 but not at pH 4.0. At pH 10.0, the overall protein degradation was reduced. Degradation of histatin 5 added to the same WS samples is shown in the bottom panels showing that sample acidification was effective in preventing the degradation of this protein. Subsequently, histatin degradation was monitored at more time points in WS adjusted to pH 3.0, 7.2, and 10.0 ( Figure 3A ) and the histatin bands were quantitated by densitometric analysis (Figure 3B ). From the data shown in Figure 3B it was established that the t ½ values for histatin degradation were >24 h, 8 min, and 24 min, at pH 3.0, 7.2, 10.0, respectively. The data confirmed the complete inhibition of salivary proteases at pH 3.0. At pH 10.0 histatin 5 was degraded but the overall protein banding pattern appeared relatively stable at this pH value (Figure 2 ).
Effect of sample cooling
The histatin 5 degradation kinetics at various temperatures are shown in Fig. 3C and the densitometric analysis in Fig. 3D . The t ½ for histatin 5 degradation in WS samples incubated at 0°C, 4°C, 22°C, and 37°C were 4 hrs 20 min, 3 hrs 10 min, 35 min, and 22 min, respectively. As expected, the lower the incubation temperature, the lower the rates of degradation. Less than 10% degradation was observed in samples stored on ice for up to 1 hr. The results indicate that placement of samples on ice does not protect protease-sensitive biomarkers indefinitely, and rapid processing of samples (e.g., centrifugation and freezing) is warranted after collection. 
Effect of sample Heating
The last experiment was designed to investigate if exposure to heat in a 100°C water bath could abolish WS protease activity. The results of the stability study of histatin 5 incubated at 37°C in unheated and heated WS are shown in Figs. 3E and 3F. Heat treatment resulted in a t ½ value of ~9 hrs as opposed to ~15 min in unboiled samples. In heated WS, histatin 5 was stable for 3 hrs (< 10% degradation). It is of interest that heating did not completely abolish all proteolytic enzymatic activities in WS, as evidenced from the very slow but continued degradation of histatin 5 in these samples.
DIscussIOn
When WS is to be used for diagnostic purposes, it is important to apply a sample treatment that prevents auto-degradation of the proteins by proteolytic enzymes. We studied conditions for minimizing or eliminating the inherent proteolytic activity of WS. Analysis of the data obtained showed that AEBSF, aprotinin, pancreatic trypsin inhibitor, leupeptin, and antipain each strongly inhibited hydrolysis of Z-FHEK-AMC and Z-RGYR-AMC. Based on these results, and the fact that these inhibitors are known to be effective against a broad spectrum of proteases (www.merops.org), they were mixed into a cocktail for use in WS. While this cocktail was promising in controlling WS protease activities, the results were disappointing. Interestingly, another study using a commercially available inhibitor mixture (product P8340 from Sigma [St. Louis, MO, USA], containing AEBSF, aprotinin, bestatin, E-64, leupeptin, and pepstatin A), also showed low inhibitor efficacy in saliva (Schipper et al., 2007a) . The similarity of these findings with inhibitors suggests an unusually wide range of protease activities in human saliva. More promising were the non-specific approaches of protease inhibition. Lowering as well as increasing saliva pH had clear beneficial effects on protein stability, as did sample heating. However, it was noted that sample acidification and heating caused denaturation and precipitation of some proteins (Fig. 3G) . Thus, these treatments cannot be universally recommended for protease inhibition. At pH 10.0, proteases were inhibited to some extent, and no protein precipitation was observed. Lastly, cooling on ice of WS samples ensured protein stability for up to 1 hr.
Overall, among the methods evaluated to abolish proteolytic activities in WS, chemical protease inhibitors yielded the least favorable results. Another downside of using protease inhibitor cocktails is that each chemical added to WS could potentially interfere with downstream analytical biomarker assays. Considering all the possible outcomes of WS treatments prior to subjecting samples to biomarker analysis, WS collection and short-term storage of samples on ice are recommended as the safest, most practical, and most suitable handling protocol. Subsequently, WS centrifugation is encouraged to separate the cells from the protein-containing supernatant. As we have reported previously, protein degradation in WS is 7.5-fold faster than in WSS, demonstrating that most protease activity in saliva is host cell-and/or oral bacteria-associated . Centrifugation thus will prolong the stability of soluble WS proteins. The resulting cell sediments may be frozen or subjected to protein extraction procedures for identification of biomarkers associated with this fraction, as has been reported (Xie et al., 2008) . Caution should be exercised when biomarker assays are conducted at ambient temperature or at 37°C, since salivary enzyme activities will be reactivated, and this may cause loss of biomarkers during analysis. Analysis of our data reveals that, in some cases, such proteolysis can be reduced in biomarker assays which can be conducted in buffers exhibiting basic pH values. For long-term storage, the method of choice for maintaining the integrity of saliva samples has been previously shown to consist of freezing at -20°C or, even better, at -80°C (Schipper et al., 2007a,b) .
There is increasing evidence that WS fluid contains biomarkers amenable for the diagnosis and monitoring of local or systemic disease. This opportunity, however, can be exploited only if saliva is collected and treated in recognition of its complex composition, and, after establishment in control experiments, of the conditions which minimize proteolytically induced losses of the target biomarkers. The design of a universal saliva treatment protocol is hard to envision, when one considers the various susceptibilities of individual biomarkers to proteolytic degradation. The present work has uncovered conditions of proteolysis and means for its suppression, providing the framework for developing improved protocols for salivary diagnostics.
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